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SUMMARY 

m 

% I 
w transply cracking. The stress wave factor (SWF) is defined as the energy con- 

The acousto-ultrasonic method was applied t o  a PMR-15 8-harness, satin 
Celion 3000 fabric composite to determine the extent of transply cracking. A 
six-ply 0/90 laminate was also subjected to mechanical loading, which induced 

tained in the received signal from a 2.25-MHz center frequency transducer. The 
correlation of the SWF with transply crack density is shown. 

INTRODUCTION 

The use of advanced composite materials, particularly for aerospace use, 
The presence of cracks requires dimensional stabi 1 i ty and absence of cracks. 

reduces mechanical characteristics and exposes the fibers and interfaces t o  
environmental (moisture) effects. Graphi te/PMR polyimide composites are candi- 
date materials to replace metals in moderate-high-temperature zones (up to 
316 "C) in jet engines. These types of applications will introduce thermal 
cycling, which in turn will produce transply cracking unless improved materi- 
als are developed. Because these transply cracks are very undesirable, non- 
destructive evaluation (NDE) techniques are needed to detect the presence of 
transply cracks. This paper will demonstrate that acousto-ultrasonics (refs. 1 
and 2) can be used to detect transply cracks in graphite/PMR cross-ply and 
woven fabric laminates. 

A d a m  et al. (ref. 3)  have demonstrated experimentally that thermally 
induced transply cracking occurs in graphite epoxy cross-ply laminates for var- 
ious laminate configurations. Ishikawa and Chou (ref. 4) discuss the existence 
of transply cracks in woven fabric composites. It has been shown that transply 
cracks do exist, both in cross-ply and woven fabric laminates, and can be cre- 
ated by either mechanical loading or thermal cycling. 

This paper will show that the acousto-ultrasonic stress wave factor (SWF) 
does correlate with transply crack density. 
room temperature tensile loading of the material. 

The cracks studied were created by 



MATERIALS AND METHODS 

Two d i f f e r e n t  PMR-15 m a t r i x  m a t e r i a l  systems were employed i n  t h i s  inves- 
t i g a t i o n ,  one a woven g r a p h i t e  f a b r i c  r e i n f o r c e d  sys tem and the o t h e r  a cross- 
p l y  layup made o f  u n i d i r e c t i o n a l  g r a p h i t e  tape. A l l  laminates were prepared 
and d i e  molded as descr ibed i n  re fe rence 5. None of the panels was postcured. 
A l l  of the laminates had a nominal f i b e r  f r a c t i o n  o f  60 vol X and a v o i d  con- 
t e n t  of l ess  than 1 percent  as determined by m a t r i x  d i g e s t i o n  and d e n s i t y  
measurements. 

I The woven f a b r i c  laminates were prepared from prepreg ob ta ined  from the  
, Fe r ro  Corporat ion,  Cu lver  Ci ty ,  C a l i f o r n i a .  The m a t e r i a l  i s  i d e n t i f i e d  by 

F e r r o  as C P I  2237/CEL 3K, 8 HS.  
harness s a t i n  weave f a b r f c  o f  Ce l i on  carbon f i b e r .  
p l i e s  t h i c k ,  and a l l  p l i e s  were warp o r i e n t e d .  
30 cm long (warp d i r e c t i o n )  by 0.21 cm t h i c k  ( 6  by 12 by 0.084 i n . ) .  

A f t e r  molding, t he  panels were determined to  be o f  acceptable q u a l i t y  
( v o i d  f r e e )  by through-transmission u l t r a s o n i c  (C-scan) i n s p e c t i o n .  The panels 
were then c u t  i n t o  specimens 30 cm long (12 i n . )  and 1 .3  cm wide (0.5 i n . )  and 
f i t t e d  w i t h  laminated f i b e r g l a s s  end tabs. O p t i c a l  microscopy was used t o  
examine the c u t  edges for  vo ids.  
s i l e  specimens w e r e  then i n i t i a l l y  n o n d e s t r u c t i v e l y  inspec ted  by u s i n g  the 
acous to-u l t rason ic  method. 

This designates a PMR-15 po ly im ide  on an e i g h t -  
Both panels molded were s i x  

The panels were 15 cm wide by 

None were found. These s t r a i g h t - s i d e d  ten- 

The c ross-p ly  laminate  used a modif ied PMR-15 r e s i n  w i t h  a C e l i o n  C-6000 
carbon f i b e r  tow, prepregged a t  t he  NASA Lewis Research Center.  The r e s i n  mod- 
i f i c a t i o n  cons is ted  o f  s u b s t i t u t i n g  p y r o m e l l i t i c  d ianhydr ide  f o r  the  benzophe- 
none d ianhydr ide  o r d i n a r i l y  used i n  PMR-15. The c o n s t r u c t i o n  was 14 p l i e s  i n  a 
symmetrical ( (90 /0)3  90)s layup. The panels w e r e  15 cm wide by 20 cm long (0" 
d i r e c t i o n )  by 0.26 cm t h i c k  (6 by 8 by 0.104 i n . ) .  The panels were a l s o  
C-scanned and then c u t  i n t o  20- by 1.3-cm t e n s i l e  specimens. Tab bonding and 
i n i t i a l  acous to-u l t rason ic  readings were done as p r e v i o u s l y  descr ibed fo r  the 
woven f a b r i c  laminates.  

Acous to-u l t rason ic  measurements were made by us ing  a p a i r  o f  2.25-MHz cen- 
t e r  f requency transducers w i t h  a 1-MHz band w id th .  
acous to-u l t rason ic  systems, t ransducers,  and specimen i s  shown i n  f i g u r e  1 .  
The system i s  descr ibed i n  d e t a i l  i n  re fe rence 2. 
achieved by us ing  a p a i r  of 0.30- by 1.27-cm (0.125- by 0.5- in.)  s i l i c o n  rubber 
pads. 
(0.75 i n . )  ove r lapp ing  measurements done on each s ide  o f  the specimens. 

A schematic diagram o f  the 

U l t r a s o n i c  coup l i ng  was 

The transducer center  l i n e  separa t ion  was 3.8 cm ( 1 . 5  i n . ) ,  w i t h  1.9 cm 

Crack d e n s i t y  values repo r ted  represent  an i n d i c a t i o n  o f  cracks present ,  

This was done by examining the  edge o f  

r a t h e r  than an ac tua l  count o f  a l l  cracks.  The c rack  d e n s i t y  values were 
assigned by count ing  the  cracks t h a t  were m i c r o s c o p l c a l l y  apparent (200X) i n  
the center  two p l i e s  o f  the laminate.  
the laminate under the microscope and count ing  the cracks i n  each 1.9-cm 
(0.75- in.)  l e n g t h  as es tab l i shed  by the acous to-u l t rason ic  wave. F igu re  2 
shows photomicrographs of po l i shed  sec t ions  of specimens showing these t r a n s p l y  
cracks i n  the  c ross-p ly  laminate and i n  the  woven f a b r i c  laminate.  

The tabbed specimens were a x i a l l y  loaded i n  a t e n s i l e  t e s t  machine a t  the 
l oad ing  r a t e  o f  1 .3  mm/min (0.05 i n . /m in ) ,  h e l d  for 5 min a t  the preassigned 
load l e v e l ,  unloaded, and m i c r o s c o p i c a l l y  examined for the presence o f  cracks.  
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For the  woven f a b r i c  laminate  t h e  loads were a p p l i e d  i n  the  warp d i r e c -  
t i o n .  One o f  the  f a b r i c  laminate  specimens was s t r a i n  gaged and loaded t o  
produce a s t r e s s - s t r a i n  curve.  The s t r e s s - s t r a i n  curve was l i n e a r  t o  f a i l u r e :  
the  warp s t i f f n e s s  was 69.6 GPa ( 1 0 . 1 ~ 1 0 ~  p s i ) ,  t h e  f a i l u r e  s t r e s s  was 965 MPa 
(140 k s i ) ,  and t h e  f a i l u r e  s t r a i n  was 1.4 percent .  By u s i n g  t h e  upper l i m i t  on 
the  f a i l u r e  s t r a i n  from t h e  s t r e s s - s t r a i n  t e s t ,  a s e r i e s  o f  specimens were 
s t r a i n e d  to var ious  p r e s c r i b e d  l e v e l s  to prov ide  a range of c rack  d e n s i t i e s .  
Then t h e  specimens were examined m i c r o s c o p i c a l l y  and inspected acousto- 
u l t r a s o n i c a l l y .  
f a b r i c  laminate was measured t o  be 0.75 percent .  

The t h r e s h o l d  s t r a i n  to  cause t r a n s p l y  c rack ing  i n  the  woven 

For t h e  cross-p ly  laminate  t h e  load was o n l y  a p p l i e d  i n  t h e  l o n g i t u d i n a l  
d i r e c t i o n  o f  t h e  0" p l i e s .  One of the  specimens was s t r a i n  gaged and used t o  
o b t a i n  a s t r a i n - s t r e s s  curve. The s t r e s s - s t r a i n  curve was l i n e a r  t o  f a i l u r e :  
t h e  l o n g i t u d l n a l  s t i f f n e s s  was 52 GPa ( 7 . 5 ~ 1 0 6  p s i ) ,  the f a i l u r e  s t r e s s  was 
900 MPa (130.6 k s i ) ,  and t h e  f a i l u r e  s t r a i n  was 1.66 percent .  For t h e  cross- 
p l y  laminate  a s i n g l e  specimen was se lec ted  for r e p e t i t i v e ,  sequent ia l  l y  
increased loading,  w i t h  microscopic  c rack  examinat ion and acous to-u l t rason ic  
scanning a t  each load l e v e l .  The t h r e s h o l d  s t r a i n  to  cause t r a n s p l y  c r a c k i n g  
i n  t h e  c ross-p ly  laminate was measured to  be 0.65 percent .  

RESULTS 

Typ ica l  t ime and frequency domain d i g i t i z e d  s i g n a l s  are shown i n  f i g -  
u r e  3(a) f o r  the  cross-p ly  laminate.  The woven f a b r i c  laminate ( f i g .  3(b))  i s  
d iscussed l a t e r  i n  t h i s  s e c t i o n .  The SWF f a c t o r  used i n  t h i s  paper i s  the  root 
mean square (RMS) vo l tage over  a spec i f ied  t ime per iod and frequency band. A t  
each c rack  d e n s i t y  l e v e l  as produced by a g iven load, SWF measurements were 
taken a t  f i v e  p o s i t i o n s  a t  equal i n t e r v a l s  a long the  l e n g t h  on bo th  s ides o f  
t h e  specimen and averaged. Th is  may be repor ted  over the  e n t i r e  t ime and f r e -  
quency domain, or, as i n  t h i s  case, t h e  s igna l  may be p a r t i t i o n e d  i n  t ime and 
frequency. Time was p a r t i t i o n e d  i n  5-psec i n t e r v a l s ,  and frequency was p a r t i -  
t i o n e d  i n  1.285-MHz bands. The SWF measurements were taken a t  seven d i f f e r e n t  
c rack  d e n s i t i e s .  

By u s i n g  a l i n e a r  least-squares f i t  t o  the  data,  c o r r e l a t i o n s  o f  SWF to  
c rack  d e n s i t y  were determined for a l l  t imes and frequencies,  f o r  each 1.285-MHz 
f requency band, for each 5-psec t ime i n t e r v a l ,  and for  simultaneous t ime and 
f requency p a r t i t i o n i n g .  Table I i s  a t i m e  and frequency p a r t i t i o n  c o r r e l a t i o n  
t a b l e .  F igure  4(a> shows the  SWF and crack d e n s i t y  da ta  and the  f i t  o f  a l i n -  
ear curve t o  the  da ta  for the 10- t o  15-psec t ime i n t e r v a l  and t h e  0- t o  
1.285-MHz frequency band; these da ta  show the b e s t  c o r r e l a t i o n ,  -0.835, o f  any 
p a r t i t i o n .  The SWF e r r o r  i s  the  standard d e v i a t i o n  o f  data averaged i n  each 
p o i n t .  Crack d e n s i t y  i s  k0.52 for  a l l  data.  

The decrease o f  the  SWF w i t h  crack d e n s i t y  i s  expected because t h e  cracks 
formed are b a r r i e r s  to  the  propagat ion o f  s t ress  and cause the  decrease i n  
ampl i tude o f  the s t r e s s  wave. 
f requenc ies  and s h o r t e s t  t imes i s  a l s o  expected because the s igna l  i s  s t ronges t  
i n  these regimes. These m a t e r i a l s  a re  known t o  be very  a t t e n u a t i n g .  Thus, a t  
low f requenc ies  the s igna l  i s  d i s t i n c t  and la rge ;  a t  h igher  f requenc ies  i t  i s  
small  and l o s t  i n  no ise.  A t  l o n g  t imes the s igna l  reaching t h e  r e c e i v i n g  
t ransducer  i s  a complex s u p e r p o s i t i o n  o f  many Lamb modes of d i f f e r e n t  speeds 
and types which w i l l  des t roy  c o r r e l a t i o n .  A t  the  s h o r t e s t  t imes o n l y  the  

The good c o r r e l a t i o n  o c c u r r i n g  a t  the  lowest  
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f a s t e s t  modes (or mode) are seen a t  t he  r e c e i v i n g  t ransducer and thus construc- 
t i v e  superpos i t i on  occurs,  b u t  decreases i n  ampl i tude w i t h  i nc reas ing  c rack  
d e n s i t y .  

Typica l  t ime and frequency domain s i g n a l s  are shown i n  f i g u r e  3(b> f o r  the  
woven f a b r i c  laminate.  Table I 1  shows the t ime and frequency p a r t i t i o n  cor re -  
l a t i o n  data.  F igure  4(b) shows the SWF and c rack  d e n s i t y  da ta  and the  f i t  o f  a 
l i n e a r  curve t o  the  da ta  for  the 10- t o  15-psec t ime i n t e r v a l  and f o r  the  0- t o  
1.285-MHz frequency band. SWF measurements were taken a t  seven p o s i t i o n s  a t  
equal i n t e r v a l s  a long the  l e n g t h  on each s i d e  o f  the specimens and averaged. 
The c o r r e l a t i o n  was once again b e t t e r  a t  t he  s h o r t e r  t imes, b u t  g e n e r a l l y  good 

. a t  a l l  t imes and f requenc ies .  

The SWF again decreased w i t h  i nc reas ing  c rack  d e n s i t y ,  as expected, i n d i -  
The woven f a b r i c  had c a t i n g  t h a t  cracks cause a t t e n u a t i o n  of the s t ress  wave. 

cracks i n  a l l  s i x  p l i e s ,  whereas the c ross-p ly  was o n l y  t r a n s p l y  cracked i n  the  
90" p l i e s .  I t  i s  c l e a r  from the  da ta  t h a t  the woven f a b r i c  i s  a l e s s  a t tenua t -  
i n g  m a t e r i a l  than the c ross-p ly  f a b r i c  a t  low crack  d e n s i t i e s ,  b u t  a t  h ighe r  
c rack  d e n s i t y  l e v e l s ,  near laminate  f a i l u r e ,  the s t ress  wave f a c t o r s  i n  both 
m a t e r i a l s  were n e a r l y  equal .  

CONCLUSIONS 

The acous to-u l t rason ic  method ho lds  promise as a method t o  assess c rack  
d e n s i t y .  I t  i s  ve ry  c l e a r  from the da ta  t h a t  the energy t r a n s m i t t e d  (SWF) 
decreases w i t h  i n c r e a s i n g  c rack  d e n s i t y .  Thus, t he  SWF may be a p r a c t i c a l  
measure and p r e d i c t o r  of crack  d e n s i t y  i n  laminated composite m a t e r i a l s .  

There a l s o  e x i s t s  evidence t h a t  t ime and frequency p a r t i t i o n i n g  w i l l  be 
use fu l  i n  producing good c o r r e l a t i o n s  between SWF and c rack  dens i t y .  
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TABLE I .  - CORRELATION COEFFICIENTS FOR STRESS WAVE FACTOR (SWF) AS 

FOR CROSS-PLY LAMINATE 
FUNCTION OF CRACK DENSITY I N  T IME AND FREQUENCY PARTITIONS 

I Time I Frequency band, MHz 

0 t o  5 
5 t o  10 

10 t o  15 
15 t o  20 
20 t o  25 
25 t o  30 
30 t o  35 
35 t o  40 
40 t o  45 
45 t o  50 
50 t o  

t o t a l  time 

Time 
i n t e r v a l ,  

psec 

0 to 1.285 

0.579 -. 598 
-.a35 

.315 

.474 
-.081 

.645 

.368 

.205 

.57 

.481 

1.285 t o  2.57 

-0.057 
-.505 -. 523 

.373 

.379 
-.362 
- .282 - .342 
-.295 

-.576 
.049 

2.57 t o  3.855 I 3.855 t o  5.14- 

0.449 
-.301 - .494 

.523 

.403 
-.25 
-. 105 
-.02 -. 101 

.339 

.299 

0.173 
-.62 
-.5 

.405 

.342 -. 397 -. 397 -. 353 -. 309 

.227 

.187 

5.14 t o  
t o t a l  spectrum 

TABLE 11. - CORRELATION COEFFICIENTS FOR STRESS WAVE FACTOR (SWF) AS 
FUNCTION OF CRACK DENSITY I N  T IME AND FREQUENCY PARTITIONS 

FOR WOVEN FABRIC LAMINATE 

0 t o  5 
5 t o  10 

10 t o  15 
15 t o  20 
20 t o  25 
25 t o  30 
30 t o  35 
35 t o  40 
40 t o  45 
45 t o  50 
50 t o  

t o t a l  time 

Frequency band, 

- .924 -. 858 
-.863 -. 859 -. 794 -. 899 -. 882 - .862 

-.57 -.136 -. 808 -. 627 - .456 -. 543 - .285 -. 239 
.333 

-.375 
-.669 
-.a48 

-.534 -. 522 
-.57 
-.a62 

-. 668 - .498 -. 749 
-.825 

MHz 

3.855 t o  5.14 

0.069 -. 868 
-.695 -. 826 
-.415 - * 533 -. 522 
-.734 - .578 - .838 -. 767 

0.696 -. 176 
-.a12 

.57 

.407 

.407 

.602 

.448 

.364 

.622 

.465 

0.307 
-.a1 1 
-.821 -. 894 

.089 
-.a77 

.104 
-.76 
-.539 
-.673 -. 852 
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I .  I 

WAVEFORM D I G I T I Z E R  

SYNCHRO- 
NOUS 

ADJUSTABLE 
FORCE JACK 

I I TRANSDUCER F1 XTURE 

ClMEN 

FIGURE 1, - SCHEMATIC DIAGRAM OF ACOUSTO-ULTRASONIC AND DATA PROCESSING 
SYSTEM. 

( A )  CROSS-PLY LAMINATE. 

FIGURE 2 .  - PHOTOMICROGRAPHS OF CROSS-PLY AND WOVEN FABRIC LAMINATES SHOWING TRANSPLY 

CRACKS (5OX) .  

ORIGINAL PAGE IS 
OF POOR QUALITY 
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( B )  WOVEN FABRIC LAMINATE. 

FIGURE 2.  - CONCLUDED. 
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> 

-100 d 200 

-200 0 

w 

(A)  CROSS-PLY LAMINATE. 

- 
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.500 

.375 

.125 .250 

VI 

FACTOR ERROR. DENSITY,~ 
(SWF) PERCENT CRACKS/CM 

- 

3.96749x10+ f35.66 1.05 
0 2.55538~10-~ f16.47 1.05 

- 3.17030~10-~ f1.65 1.84 
3,35806~10-~ f14.38 1.84 
2.27259~10-~ f14.38 1.84 
2.17156~10-~ 6 . 9 8  1.84 
2.62482~10-~ f4.34 2.62 
1.73025~10-~ f18.53 2.62 
1.6%79~10-~ f22.40 3.41 
1.58215~10-~ f29.20 3.41 
1,11332~10-~ f15.28 5.25 
1.08006~10-~ k31.42 5.25 
8.35827~10-~ f18.47 6.30 
1.42240~10-~ 51-42 6.30 

0 

- - oa 
I a~~~~~ DENSITY IS 3 . 5 2  FOR ALL DATA. 

2 3.00- 
v) c 

2.25 

1.50 

.75 

0 

8.60318~10-~ f17.16 7.15857 
6.45417~10-~ f15.96 7.15857 
8.8893',~10-~ f23.50 10.2229 
7.75939X10-6 f25.03 10.2229 
6.51869~10-~ f20.65 12.48 
7.00858~10-~ f20.34 12.48 
2.36163~10-~ f14.63 4.55286 
2.48667~10-~ 513.26 4.55286 

- 1.93563~10-~ f17.08 6.10286 
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